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Early qualitative erythrocyte permeabil.ity studies 
(Gryns, 1896; Hedin, 1897) revealed the wide range of non-electro-
lyte permeability rate~ across a cell membrane composed of lipj.d 
molecules. Theoretically, water-soluble non-electrolytes such 
as glycerol, e thylene g lycol and erythrit ol would pe~etrate less 
rapidly than lipid-soluble non-electrolytes. It was thought that 
the rate of penetration of water-soluble non-electrolytes was in-
versely proportional to their molecular size and the perietration 
of lipid-soluble non-electrolytes was directly proportional to 
their l ipid-s olubility. 
In the 1930's quantitative differences were observed in 
the rate of penetrati on of non-e lectrolyt e~ r; which could not be 
explained on the ba s is of lipid-solubility or molecular size. 
Ulrich ( 193~-) studiP.d polyhydric alcohols and sugars in a number 
of species, and found that the 75% hemolysis time · of mouse erythro-· 
cytes in an isotonic erythritol solution was a few minutes com-
pared to eight hours in ox red cells. The inhibition of the pene-
tration of g lycerol into human and rat cells by t race amounts of 
copper was shown by Jacobs and Corson (19)4 ). Jacobs, Glassman 
and Parpart (19J 5) related the rate of penetration and species 
differences using ethylene glycol and glycerol. (See Table 1) 
They showed that inves tigated species could be divided into two 
groups . rr•ne group consisting of rat, mouse, rabbit, man and 
guinea pig displayed a high permeability to glyc erol with hem-




Chemical f ormul a e of exper iment a l non- e l ec t r olytes. 
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The s ec ond group, cat, dog , hors e , p i g , s heep and ox 
had a much lower per me abi l ity to glycerol. In this group hem-
olysis times r a ng ed from 15 to 2 0 minutes. Ery·throcytes of the 
first group exhibited the pecula rity that g l ycerol pene t ration 
wa s i nhibited by t rac es of copper a nd wa s s ens it i ve to c l:'1ange s 
in the pH of t he s oluti ons . The pre s ence of copper a nd/or c hanges 
in pH had li t t le or no effec t on the permeabili t y of g lycerol i n 
the ce l l s of the s ec ond group. 
The temper a ture coefficients ( Q10 ) of the first group 
were unus ually low ( l es s than two) while thos e of th e s ec ond 
group hig h (gr ea t er than thre e ). Such observat ions led Jacobs 
to sugges t tha t the non- electrolytes, g lyc erol and ethylene gly ~ 
c ol 9 ntight penetrate t he erythrocyte s of rat , mouse, rabbit, ma n 
and guinea pig by a mecha nis m other tha n simpl e diffu~ ion. 
The h;yrpothr:) sis t hat g lyc erol. might be a case of "special" 
perme abili t y wa s s trengthened by the study of Jacobs a nd Parpart 
(1937 ) on t he eff ect of n-buty l alcohol on the permeability of 
erythrocy t e s of s ev eral s pec i es. They found that n-butyl alcohol 
decreased glycerol permeabilit y in ma n, rat, rabb i t, guinea pi g , 
gr ound hog a nd severa l bi r ds. The pr esence of n-but yl a lcohol 
increas ed g lycerol permeability in the ox , pig , hor's e , d.og and 
cat red c e lls . The s e t wo groups were es s entia lly the s ame a s 
ou t l i ne d by ,Tac ob s e t a l ( 193 5 ) with r es pc::ct t o copper i nh i bi t ion , 
s ens itiveness to pH changes , a nd t emperature coefficients . 
Jacobs, Gla ssma n and Parpart (1938) compar ed r at and 
mous e r ed cell permeab iJ.ities to erythritol, 1nann itol, g l ycero l 
and th i our ea . 'I'hey found that r a t e r ythr ocy t e s · we r e more per meab :te 
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to glycerol than thiourea . 'I' he reverse was true for mouse erythro-
cytes. Mouse erythrocytes also displayed a high degree of perme-
ability to erythritol whereas it penetrated rat red cell much 
more slowly. 
The human-glycerol and human-glucose systems were ex-
tensively .investigated by LeFevre (1948 ). Hie-; kinetic studies 
of volume changes in glucose-saline solutions indicated that glu-
cose penetrated the erythrocytes by a mechanism other than simple 
diffusion . . He further found that mercury, iodi~e and phlorizin 
depressed g lucose penetration, which led him to suggest that the 
intermed i a tion of a sulfhydral group on the membrane surface was 
involved in the passage of glycerol a nd g lucose across the erythro-
·cyte mDmbrane. 
Earlier investigations (Jacobs • 1931; J a cobs ;?t .al: 1935; 
Jacobs. and Parpart, l 937 ) prompted Jacobs , Gl a s s man and Parpar t 
(1950) to examine the inter-class erythrocyte permeabilities of 
mammalst amphibians , fish, reptiles and birds. Drear thiourea~ 
glycerol and ethylene glycol isosmotic solutions wer~ used . Their 
results , generally consistent within a given c lass, indicated an 
unusually nigh permeability cons tant for g lycerol and ethylene 
g lycol in bird erythrocytes and for urea in mammalian r ed cells. 
Subs equertt · inves t i ga tions c oncerning the trans port of 
hexoses and glyercol (LeFevr e~ 1954; LFJFevre a nd LeF\?VTe, 1952; 
1,'/iddas, 1951, 1952, 195L~; Rosenberg and Wi lbrand t r 1955 1 Stein 
and Danielli, 1956) showed that g lucose and glycerol enter huma n 
red cells nruch more rapidly than could be a ccounted fo r by simple 
diffusi on . 
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Competitive inhibition was observed between D-g lucose, 
D-galactose, D-·mannose, L-sorbose, D-fructose, D-xylose, 1-arab·-
inose, and meso-erythr itol and penta-erythritol (LeFevre and 
Davies, 1951; Widdas , 1954 ; Bowyer and Widdas, 1955). Stein and 
Danielli (1 956 ) have observed t he inhibiti on of glycerol by the 
g lycols and narcotics. 
These studie s ha Ve not only assis ted in establishing 
the concept of facilitated diffusion involving a carrier mechan-
ism but sugges t that facilita ted diffusion is a widespread pro-
cess. LeFevre (1954 ) considers t he simplest model to consist bf 
( l) the formation of the s ubstrate-carrier complex on the outside 
of the membrane, ( 2 ) the movement of the complex through the 
membrane, and (J) the unc oupling of the substance from the carrier 
upon a r :ci val at thE:' i nside face of the membrane. The sout'ce of 
energy fo2 the moveme nt of the complex is thermal a gita tion.. The 
equilibria r eached are the same as those attained by simple dif-
fusion. 'rhe rate of penetrati on may be expected not to be direct-· 
ly proportional to concentrati on but to reach a limiting (satura-
ti on) value as conc en~ration is increa~ed. LeFevre (1954) considers 
t he dL:sociati.on rat e of the complex the rate limiting factor~ 
Beginning in t he 1960's, Hunter studied prevJ.ously re-
porV~d cases of 11 Unusua l n non--electrolyte permeabili ties i n sev-
eral animals . He obs erved the effect of n-buty l alcohol on thio-
urea a nd g lyc erol penetrat ion in human , rabbit, sheep and chicken 
erythrocytes in 1961. In each case where it was assumed that 
simple di f f usion occurred (human, s heep, rabbit and chicken ) 
n-butyl alcchol increased the thiourea permeability of t he 
respective erythrocytes. The glycerol permeability was decreased 
by n-butyl alcohol in those instances where glycerol was postulated 
to cross the membrane by a carrier mechanism. Hunter attributes 
the change in permeability to an alteration in the aqueous chan-
neJ.s of the membrane. New channels are opened to increase perme-
ability, and existing channels are closed to decrease permeability. 
Subsequent studies (Hunter, George and Ospina, 1965; 
Ospina and Hunter, 1966) helped to distinguish between simple and 
facilitated diffusion .systems using both n-butyl alcohol and tan-
r1ic acid. These data sugges ted that carrier .systems were found 
in the following: Urea-,-man, mouse and rabbit; Erythritol--mouse 
and possibly man; Ribose--mouse and man; Ethylene glycol--man and 
possibly mouse; Glycerol--man, mouse and rabbit. 
Hunter \1970) following a suggestion of Jacobs .§..! .§:].:, 
(1950) demonstrated that glycerol, erythritol and urea crossed 
the pigeon red cell membrane · by a carrier mediated. process. Com-
petitive inhibition of urea by thiourea further suggested that 
the two shar~d the same carrier. 
Reported instances of "special" or "unusual" permeabili-
ties suggested the ex istence of a carrier rneachanism for non-
electrolyte penetration into mouse erythroeytes. The presence of 
carrier meche.ni s ms in the erythrocytes of the mouse~ .lf~§. !£t!~_§g_yJ:.u~~ 
are established in this study, Saturation and competitive inhi-
bition kinetics are use d to calculat~ the half-saturation con-
stants (o) for cases of facilita·ted transfer of the following water-
soluble non-·electrolv,.·tes t eth,,;lene glvco .l g·lvcerol erythritol 
' -· t.. ' "' • " t 
ribose~ urea and thiourea. 
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These non-electrolytes are oft~n used in permeability 
studies. They are non-toxic and their small size allows pene-
tration of the erythrocyte membrane within a reasonable length 
of time. The first four non-electrolytes form a s eries of com-
pounds of increasing number of carbons (two in ethylene g lycol 
to five in ribose) and hydroxyl groups. Permeability investi-
gations utilizing this family of penetrants show the effects of 
increasing size on penetration rate. 
Urea and thiourea per meability studies illustrate the 
effect of s ubstitution of a specific element on the penetrat ion 
r at e . (See Table 1) 
METHODS' AND ~M.TEFG U,..S - ·---__....,..  ___  .,...,_,.. ______ ..., _ 
ME'EHODS AND MATERIALS 
Theoretical 
Fick's First Law of Diffusion, equation (1), g ives the 
relationship between solute rate of transport across a cell mem-
brane and the concentration gradient, suggesting the simple unin-
hindered passive diffusion of solutes a cross a membra ne. 
dS __ ( 1) 
dt - - K (C-D) 
K represents the permeability constant. C is the external medium 
solute concentration. D is the solute concentration inside the 
cell. The rate of penetration ( dS/d t) is thus dependent upon the 
concentration grad i ent between the outside and inside membrane 
faces. 
Widdas (195 1 , 1952, 1954) adapted equation (1) to fit 
those instances where a carrier carrier mecha nism was involved 
in the transfer of a penetrant across the cell membrane. In 
instances of facilitated diffusion, he postulated tha t the tra ns -
fer rate is proportional to the difference between the fraction 
of carriers combined with penetrant on the outside and inside 
faces of the membrane. This relationship is represented by the 
following equations 
(2) 
where S is the amount of penetrating solute in the cell, C the 
ex t ernal medium solute concentration, K the permeability con-
stant, V the cell water volume, and ¢the half-saturation con-
stant of the carrier-penetrant complex. 
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LeFevre (1961) presented the integrated form of equa-
tion ( 2 ) as 
k0t=F0 (C,V)=(C+l)(c+¢){(c+~+l)(V0-V) + ( C +,/, ) ln ·-----~"\_ __  1-V } r 1-v 
where k 0 is the penetration constant, V
0 
the initial. volume, 
( J ) 
V t he calcula ted volume, C' the initial internal penetrant con-
cEmtration, and C the external concentration. 
Substitution of 
1+C 1 
Vo= 1+C (4) 
into equation ( J) g ives 
k 0 t=F 0 (C,V) =(C +¢){(c'+l)(C+¢+1) - (C +l )(C+¢+1)V+(C+1)(C +¢) 
c ~c · } 
• ln~ 1-· v nc + :l. "J. • ( 5 ) 
This basic equation (5) ca n be simplified fo r the two 
extremE-} cases where 1i is re1at i vely large with respect to S (the 
amount of penetr a nt i nside the ce ll) and where ¢ is smal l with 
respect to S. Integration of these two extrE)me l imiting condi-
tions gives equation (5) the following forms : 
when ~ is large (diffusion- type) 
k.t=F'(C,V)=C 1 +1-(1+C)V+(1+C)ln TI-~)~~ -t-G}- , ( 6 ) 
when y{ is small (near-saturation carrier typH) 
{ 
(' _(, ' } (?) 
kIt :::p, c c I v) =c c 1. +c) c • +1- c 1-tc) v +e • ln(T~v)(f+c · 
In both instances k is the penetration constant, V the cell water 
volume, t the time, C' the initial internal penetrant concentra-
tion, and C the external solute concentration. In the first cas~ 
equation (6), the concentration gradient across the membrane is 
1.1 
rate limiting , while in the second approximation, equation (7), 
the saturation of the carrier is rate limiting. 
Experimentally the conc entration of the penetrant with 
which the cells have previously been equilibrated (C') and the 
conc entrat ion of the non-electrolyte t o be a dded to the solution 
(C) are known for eac h addi tion of non-electrolyte solute. The 
substituti on of t hes e va lues of C' and. G and selected volume~~ 
(V) reduces LeFevre 's equati on (5) to the form 
k0t=F0 (C,v) ~ A + B¢ + c~ 2 • (8) 
These values of A~ B 1 and C for the selected volumes ca n be 
t abulated. (See Tables 2 , J, 4, S) As the value of ¢approa ches 
zero , the B and C t erms become neglible with respect to the A 
term. When t he v~ lue of¢ approaches infinity, the A and B terms 
are neglible with re3pect to the C term. 
The t i mes required to reach the s~lected volumes used 
t o calculate the table are measu~ed on the recorded swelling 
curves. Plotting the experimenta1 times against the table values 
of F(C,V) and F' (C,V ) gives graphs which describe the type of 
kinetics involved in the penetration of the non-electrolyte across 
the erythrocyte membrane . 
Diffusion~type kinetics is suggest ed where a plot of the 
experimenta l times agains t the appropriate values of F(C,V) g ives 
a single s traight line. The slope of this line repre s ents the 
penetration cons t ant k. 
Keeping in mind that F'(C,V) was derived f or the s itua-
ti on where the carr ier was nearly saturated (rj small with rE-)Spect 
to the solute concentrationS ) 5 then a single straight 1ine in a 
l2 
plot of experimental times a ga inst the values of the functi on 
F ' (C,V ) indicates that the kinetics are those of a near-saturat ed 
carrier . 
If both the F (C,V) and F'(C,V) plots g ive a family of 
straight lines with symbols reversed ( cf ~ Figures 3 and 5) then 
a plot of LeFevre's F0 (C,V ) us ing an a ppropr iate estima te of 0 
should g ive a single straight line. Thus a plot of F0 (C , V) agains t 
experimental times provided a method of approxima ting the value 
of the half-saturat i on constant ( ~ ). 
Widdas (1952) extended his kinetic analysi s to i nclude 
competitive inhibition on theoretical grounds. In a later i nvesti-
gat ion (Widdas, 1954 ) he showed that the transfer of sorbose in 
the presence of glucos~ . could be de s cribed by: 
dS s 
dt c~ . j fs . 
C +rl + T C~ s l's 'f' v · g 0 
( y) 
where C is the sorbose c oncentration of the outside medium, C s g 
the glucose ( inhibiting penetr ant ) out s ide medium concentra tion, 
and C~ and C~ ref er to the concentrations inside the cell, The 
half-saturation constants of the g lucose - and r:>orb ose-carr i er 
complexes are ~g and ~s respectively. 
Assuming that ¢
8 
is large relative to the other concen-
trations equation (9) can be written 
dS 
= Kj-is+ 
c ___ ?~---l s s ( 10) dt fs fs+~C~ l ¢g cg 
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where the reciprocal of the apparent penetration constant k varies 
linearly with the glucose (inhibitor) concentration. From a plot 
of 1/k (ordinate) against C (a bcissa) a value of Jl can be ob -g g 
tained by dividing the y-int ercept by the slope . (See Figure 16 ) 
Intercept (C =0) 
. . . _:_g___ ;;: yf 
slope g 
( :t 2) 
This method of determining the value of the half-satura-
tion c onsta nt is us eful if the rf cannot be appr oximated · using 
sa t ura.ti on kinet ic studies. In other cas es 9 it can be used as 
veri ficati on of half-sat ur ation values determined through satura~ 
g._x~ripwntal 
Mouse (Mus musculus ) erythrocytes were used for all exper -· 
iments. Bl ood was obtained by decapitation and collected in 10 ml 
of heparini~ed 0.9% NaCl buffered to a pH of 7.5 · (6.05 g Tris 
buffer+ J.45 ml concentrated HCL per liter ) . The cells were 
washed three t ime c:; in 20 m1 of the buffer ed saline solution by 
centrifugation at l ow speeds f or 60 to 90 sec onds . Aft er each 
eentr ifuga:t ion t he s upernatant a.nd buffy layer were re moved by 
aspiration . All washed, concentrated cells were used wi thin four 
hours o:f preparation . All exper imental s olutions were prepared 
using the buffere d 0 . 9% N~Cl so lution . The pH was meas ured with 
8 Corning Mode l 7 pH meter . 
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Measurements of volume changes of the cells were made 
using a densime.ter technique which was developed by ,0rskov (1935) 
and modified by Hunter (1960, 1970). The densimeter chamber was 
surrounded laterally and below by a water jacket. A pump circu-
lated water f~om a constant temperature bath t hrough the chamber 
jacket for temperature control. A light beam passed through the 
densimeter chamber and surrounding water jacket fallirig on a 
photoelectric cell cathode. The shrinking or swelling of the 
suspended red cells resulted in decreases or increases in levels 
of light scattering respectively o 1'hese cell volume changes re-
sulted from water movement out of or into the cells as non-electro-
lyte was added to the cell suspension. 
The photoelectric cell cathode translated the level of 
light scattering into a D-C current. The current was then ampli-
fied by <?. D-C amplif~cr and transmitted to an Esterline Angus 
pen recorder which recorded the resultant curves. - The sensi ti vi ty 
of the system was altered by changing the concentration of the 
blood, the settings of the D-C amplifier, and the speeds of the 
pen r ecorder . 
Generally, an aliquot (0.05-0.2 ml) of the concentrated, 
washed cells was suspended in and allowed to come to equilibrium 
with a known volume of the buff ered i sotonic (0.9%) saline solu-
tion contained in the densimeter chamber. The suspension was 
sti:cred during all exper imental runs by a motor-driven glass 
stirring r od. Prior to adding the non-electrolyte, the recorder 
was t urned on to record the series of swelling curves. A known 
volume of penetrating non·· e1ectrolyte wa (~ then rapidly add ed by 
15 
syring e to the suspension. The volume of cell water exiting from 
the cells with the addition of the non-electrolyte was small com--
pared to the total suspension volume ; hence~ osmotic pressure 
·changes were due to the addition of the non-electrolyte and not 
appreciab ly altered by t he addition of the small amount of cell 
water to the suspens ion . 
Onc e equilibrium was established, additions of non-
electrolyte were made. The concentration of penetrant was known 
before and after each addition. All concentrations were calcu-
lated in terms of i s otonic values (isot ones). An isotonic solu-
tion conta ins on e isotone and i n such a s olut ion, a cell has a 
volume of one . (A O.J M solution of a non-electrolyte is isotonic 
with mamxnalJan blood .) 
rL' he in:i tia:.;. downward deflection of the recorder pen 
after an addit ion of non- e lectrolyte result s from the rapid exit 
of wat er out of the cells since the added solution of penetrant 
is hypertonic to the c ells. The cells shrink a nd less light is 
transmitted t hrough the cell suspension. With successive addi-
tions of equal volumes of penetrant s olutions, the concentration 
gradient a cross the cell membrane decreas es and less and less 
water exits from t he cells with each subsequent addition of pene-
t rant. This means that the minimum volume is l a r ger with each 
a ddition; consequently, the total deflection of the pen decreases. 
. . . 0 
Tables of F(C,V), F '(C,V) and F (c.v) functions for 
selected volumes provided the theoretical values for my study. 
(See Tab l es 2, J, 4, 5.) In the 0 .8 M system, Table 2, J .O ml 
of a 0.9% NaCJ~. -b J.. ood suspension were equilibrated in J. O ml of 
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TABl~E 2 
Calcula.ted values of F (C,V) 1 F '(C rV ) and F0 (C, V) for th e 
following syst em . J .O ml of a cel l - 0 .9% NaC l s us pens i on 
are equilibra ted in J. O ml of 0. 5 M penetrant i n 0 .9% NaCl . 
After eqv.il ibrium 11as been . reached, six s uc cessive additions 
of 0. 8 M penetrant in 0. 9% NaCl are made and rec orded. Time 
is <:i.llowu1 for each addition of pey;te t rant to es t ablish equili-
br i um () e.fore the next addit ion i s made . 
TABLE 2 
1; .2~ 
Initial cone. Final cone. Relative 
of penetrant of penetrant Volume of 
(isotonic units) (isotonic units) Cell Water 
r< ; c v . .., 
0.833 1. 095 0. 90 








1.292 1.443 0.95 
0. 96 
(\ 9>3 v. '
0 . 99 
~ 443 .l •. 1.567 0.96 
0. 98 
0.99 
1 . 567 1. 667 0 .98 
0.99 




As ¢--'> 0; F' ( C, V) 
0.441 0.858 
0.905 1.748 
1. 942 3.?05 
4.100 7.708 
0.684 1. 095 
1. 828 2.913 
3 .647 5.774 
5.041 7.954 
0 .977 1. 383 
2 .026 2. 861 
5. 380 7.558 
8.820 12.351 
l.lOJ 1.429 
3 .255 5.510 
9·532 12.264 
1+.451 5.386 
9.469 11. 434 
3.331 3· 835 
9 .038 10.384 
c 
As ¢ ~oo; F ( C , V ) 






















Calculated values of F(C,V), F'(C,V) and F0 (C,V) for the fol-
lowing syst.;:~rrt. Successive 0.1, 0.2, 0 ,4 , 0 . 6~ and 0.8 rnl addi-
t i ons of 1 M non- electrolyte i n 0.9%. NaCl added to 9.9 ml of 
cell-0 .9% NaCl suspension. Time is allowe d following each ~dd i­
t i on of penetrant f or equilibrium to be reached before next 
addi tion. 
TABLE 3 
I nitial cone. Final c one. Relative 
of penetrant of penetrant Volume of 
( i s otonic units) (isotonic units) Cell Water ,..., c v \J 
-·---
0 0.033 0.98 
0 . 99 
















F 0 (C,V) 
A B 










0.0689 0 .723 
0.0553 0. 3L~ 2 
0.0 998 0. 600 
0 .1687 0.984 
0.2984 l. 681 
0 . 1717 0 .659 
0.2 963 1.117 
0.4855 1. 800 
0. 8298 3.011 
As ¢~;F(C, V) 
0.474 
1.175 




















Calcula t ed values of F (C,V), Fe (c ,v ) and F0 (C,V) for the fo l -
lowing system. 0.2 ml of cells in 0 .9% NaCl a re equilibrated 
in ?.8 ml of a 0. 6 M non-electrolyte in 0.9% NaCl s ol ut i on. 
r.I'his is followed by four additions of l ml each of a 2 M non-· 
electrolyte in 0. 9% NaC l solution. Time is allowed foll owing 
each a ddition of penetrant for equilibrium to be established 
before the next addition. 
rt-i'~ B L'S 4 -'· 
Initial cone. Final cone. Relative 
of penetrant of penetrant Volume of 
(. . . . + ' (isotonic units) Cel l Wa t er \ .lS O "l; OD lC UDl ~S j 
C' c v 
l. 95 2.47 0.90 
0.92 
0 • 9L~ 
0. 96 
2.4? 2.89 0. 92 
0 . 94 
0. 96 
0 . 98 




J.24 J.52 0.96 




As p~O;F' (C,V ) 




8 .53 6.01 
1?.02 11. 96 
29.28 20.53 
50.92 J5.57 
12 . 99 8.12 
20.J5 12. 70 
29.68 18.52 
6J.12 39. 21 
2J.J4 lJ. J5 
J8 . 16 21. 86 
60 . JO J4.45 
c 




















Calcu.la.t ed values of P(C,V), F'(C 5 V) and F
0 (C,V) for the fol-
lov'ling system. Cc;lls are added to 8 . 5 ml of 0. 9% NaCl. . Eight 
additions of 0.5 ~1 each of 8 . 1 M non-electrolyte in 0.9% NaCl 
are made. ':f.li.me i.f:~ allowed fol lowing each addition of penetrant 
for equilibrium to be reach~d before next addition. 
TABLE 5 
I n i t i2.l cone. Fin2.l cone. Relat ive F0 {C,V2 of penetrant of penetrant Volume of 
(isotonic unit s) (i sot onic units) Cell Water A B c 
(1 I c v As ~-O;F' {CtV) As ~ "o;F(C 1 V) v 
0 1.50 0.90 5.39 8.44 3.23 
0.92 6.44 9.89 J.7J 
. 0 ~ '74 7.88 11.85 L~ . 40 
() f 96· 9.99 14.73 5.J8 
1.50 2. 84 0.90 28.20 20.81 3. 83 
0 . 92 34 .25 25.15 4.61 
0. 9L1- 42.40 30.98 5 .65 
0.96 54.27 J9. 39 7.14 
2.84 4.05 0.90 57.71 29.19 3.69 
0.92 ?4.64 37.67 4.75 
0.95 110. 20 55.36 6.95 
0.97 150. 62 ?5.42 9.44 
4.05 5.14 0~90 ?7.61 J0 . 67 3.0J 
0.92 110.56 43. 61 4.30 
0. 95 180.83 71.16 7.00 
0. 97 260 .19 102.12 10.02 
5.14 6. 14 0.90 77 . 92 25. 65 2. 11 
0.92 lJl. 95 4J. 4l J.57 
0.95 249 . 04 81.76 6.71 
0.98 487.33 93.25 lJ.06 
6.14 7.04 0. 90 39.64 ~ 1 3 ") 0.81 J_ J_.. .) 
0. 92 119.40 34 .14 2.44 
0. 95 293.00 8J . ?2 5.98 
0 . 98 6Lt. J C:":l ' • -' ....1 l8J.56 lJ.09 
7.04 7.88 0. 92 82.50 21. OJ 1.34 
0 ., 94 2J0.57 58. 81 J.75 
0 . 96 43 9.78 112 .15 7.15 
0. 9~) 809 .99 206 .25 lJ.lJ 
7.88 8.64 0.94 179. 19 41.65 2.42 N 
0.96 456. ?1 106.17 6.17 \.....) 
0.98 939 .J4· 218.02 12.65 
0.5 M penetrant in 0.9% NaCl. After equilibrium had been reached, 
six s~ccessive additions of 0.8 M penetrant in 0.9% NaCl were 
made and recorded. Time was allowed for each penetrant addit ion 
to establish equilibrium before the next addition was made. The 
final penetrant concentration was 1.75 isotones (Hunter, unpub-
lished data) . 
Table 3 gives a 1M system developed by Hunter (1968). 
Successive additions (0.1, 0.2, 0.4, 0.6, 0.8 ml) of 1 M pene-
trant in 0.9% NaCl were added to 9.9 ml of the 0.9% NaCl-blood 
suspension with a final penetrant concentration of 0.58 isotones. 
Four 1 ml additions of 2 M penetrant in 0.9% NaCl were 
added to 8 ml of a 0. 6 M penetrant-blood suspension in the 0 .9% 
NaC.l in the 2 M system ~ Table 4. ~J:lhe final concentration ~. n t!1i. s 
sys t em wa s 3.52 i s otones (Hunter, unpublished data). 
Ei ght suecessi ve 0. 5 ml addi t i. ons of 8. 1 l\1 penE!t r ant 
in 0.9% NaCl were added to 8.5 ml of the 0.9% NaCl-blood suspen-
sion in the 8. 1 M system, Table 5. In this system , the final 
penetrant concentration was 8.64 isotones (Hurrter, 1970). 
For competitive inhibition studies~ a series of swelling 
curves was obtained. The control swelling curves were made using 
only one penetrant, the non-electrolyte expected to be inhibited. 
A subsequent series of swelling curves was made with the cell 
suspension being equilibrated in known increasing concentrations 
of a possible inhibiting non- electrolyte before the additions 
of the first pene trant were added. (See Figures 14 and 15 ) A 
plot of the reciprocals of t he penetration constants (k) of the 
inhibited penetrant against tlte isotonic concentration of the 
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inhibiting penetrant g i ves a straight line with an ordinate 
interc ept (c 1 h "b" t d b ta =0) and a slope of m (Figure 16). n l 1 e su s c nce . . 
Using Widdas' equation (1 2) the half-saturation constant (¢) of 
the inhibiting non-electrolyte can be obtained. 
At low conc entrations of penetrating non - electrolyte, 
the re sponse of the apparatus was linear , However, at higher 
concentrat i ons · (B.l lV1 system in particular) the response was not 
linear. Consequent ly, a calibration curve, Figure 2, was con-· 
structed relating deflection to theoretical volume in each case 
of non- linear res ponse. 
HESULTS -----
RESULTS 
Figure 1 shows a typical series of swelling curves as 
equal additions of 8.1 Methylene g lycol in 0.9% NaCl were made 
to the cell suspension. In the 8.1 M system the concentration 
gradient across the cell membrane decreases with each addition. 
However, the decrease in initial slope with ea ch succe eding addi-
tion is gr eater than would be expected if the ethylene glycol 
enters the cells by simple diffusion. Figure 2 g ives a typical 
calibration curve used to establish the relationship between 
volume change and the t otal defl ect i on . Selected volumes in the 
range of 0.9-1.0 were used i n t he a na l ysis of the data. 
SATURATION STUDIES 
9 .. .:1:Y..<;?~.to l 
Studies c onducted at 10°C us i ng a 1 M glycerol in 0.9% 
NaCl solution gave r10 i ndicati on of s a t ur a tion . Experimental 
times plotted agains t F (C,V) gave a s i ngle straight line and the 
same da t a when plot~ed agains t F'(C,V) gave a family of curves. 
Figures J, 4 and 5 s how da t a obtained f r om 8 .1 M glycerol studies 
at 35°C. The F (C , V) plot , Fi gure 3 , a nd the F'(C,V) plot, Figure 
5, are fami lies of s tra i ght lines with s ymbols reversed, Such a 
conditi on s uggests tha t ne i ther s imple diffusion nor near-satura-· 
tion k i net i cs a ppJ.i e s and that a n i ntermed i a te value of ~ between 
zero and i nf inity would desc r i be t he k i netics of the system. The 
data fall on a ~ingle str aight line when plotte~ agains t F0 (C,V) 
with¢ equal to five (Figure 4). 
ft:.:Eb~ l e rie G ~Y-co 1 
An wi t h g lycerol, additions of 8 .1 Methylene glycol in 
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0.9% NaC l at 35°C appeared to a lter the cells' permeability to 
the extent that results were inconsistent at this concentration . 
Studies were then made usi11t-~ a 2 M ethylene glycol system at 10°C. 
Use of calibration curves was made as described above. Data 
from the 2 M system are plotted against F(C,V) in Figure 6, 
F'(C,V) in Figure 7, and F0 (C,V) in Figure 8. The fact t hat the 
data obtained from the third· and fourth additions fall on the same 
straight line in Figure 7 suggests near-satur~tion kinetics. The 
marked decrease in the initial slope of each succeeding curve is 
suggestive of saturation. The ethylene glycol concentration a f ter 
the third addition was J.24 isotones . Using a va l ue of ~ th 1 e y ene 
1 l equal to 2, g1.ves a close fit to a single straight line g .ye o 
(:Figure 8). An F0 (C,V) 1 t 'th a f of three gave P 0 Wl ethylene glycol 
a straight line with a slightly wid er s pread of points than that 
shown i n Figure 8 . 
Ea.thritol 
Data obtained with 2 M erythritol in 0.9% NaCl at 35°C 
are plotted against F ( C, V) in Figure 9 and F' ( C, V) in Figure 11. 
Figures 9 and 11 suggest diff usion-type kinetics at thi s concen-
tration. Erythritol solutions of higher conc entration were not 
used due to its low s olubility in water . 
Ribose 
A 1 M ribose in 0.9~ NaCl system was studied at J5°C. 
A plot of experimental times against va lues of F(C,V) and F'~,V) 
gave results similar to those of erythritol (cf. Figures 9 and 11). 
These data suggested that ribose pene t rated the cell by simple 
di f fusion at the c oncentration of 0. 58 isotones a t ta ined with 
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the 1 M ribos e system. 
Urea 
Initially a 1 M urea in 0.9% NaCl solution was studied 
at 13° and 35°C. The effect of temperature on the apparent pene-
tration rate was small. Due to the r apid rate of penetration of 
urea into the cells, additional studies were mad(:! at ·1o 0 c using 
an 8 .1 M urea in 0. 9% NaCl system. Calibration curves were con-
structed for each series of swelling curves as previously describ-
ed. Data obtained with t he 8. 1 M urea system plotted aga inst 
F(C,V) and F' (C, V) can be seen in Figures 12 and 13 r espective ly. 
These data sugges t that urea penetrates the cell membrane by 
simple diffusion at the concentration rea ched by the 8.1 M system 
( 8. 61+ isotonE;~:: ) • 
Studies us i ng thiourea were conducted at 10°C. Due to 
the low temperature and low water solubility of thi ourea, initial 
studies were made with an 0. 8 M thiourea in 0.9% NaCl solution. 
Plots of experimental times a gainst F (C, V) and F' (C,V) were similar 
to those of erythritol except that the rate of thi ourea penetration 
was much more rapid than t hat of erythritol. Stud ies were also 
made at 35°C using a 1 M thiourea system. A plot of these data 
against values of F (C,V ) and F' (C,V ) gave results similar t o the 
data obtained at 10°C. 
COMPETITIVE INHIBITION STUDIES 
GJ;y:cerol-·Eth_ylene _G lycol 
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Figure 15 (a) shows a typical series of 1 M glycerol 
swelling curves whereas Figure 15 (b) and (c) show the inhibi-
tion of g lycerol penetration in the p~esenc e of 1.08 and 1.10 
isotones of 1 M ethylene glycol, respectively. In Figure 14 
the average t i mes of inhibition studies are plotted a gainst 
F(C,V). The rate of penetration of glycerol was progressively 
reduced in the presence of-increasing concentrations of ethylene 
g lycol. The apparent penetra tion constant of g lycerol was re-
duced to a third its initial rate. Figure 16 shows the recip-
rocal of the apparerrt penetration constarrt of glycerol plotted 
against the ethylene g lycol concentration in isotones for the 
0.6 ml add i tion of t he 1 M system. By dividing the intercept 
by the slope 1 an exper imental value of the half-saturation con-
stant (¢) of ethylene glycol was found to be 0.7 isotones. 
Similar calculations based on the 0.8 ml addition yielded a o 
value of 0.9 isotones. 
Ribose -J:r.:Lt.h.r. ito l 
An F(C,V) plot of 1 M ribose entry times in the presence 
of increasing concentrations of 0.6 M erythrj_tol was similar to 
that obtained in glycerol-ethylene glyco l inhibition studies. 
The initial apparent penetration constant of 0.30 was reduced 
to 0.20 in the presence of 3 ml of 0.6 M erythritol (0.94 iso-
tones). A plot of the reciprocals of the apparent penetration 
constants ( 1/k) a ga inst the erythritol concentrations in isotone :::1 
yielded a ~ value of 1.7 isotones for erythritol for the 0.6 ml 
.. 
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addition. Data from the 0.4 ml addition gave a I value of J.2 
isotones for erythritol (Figure 17) . 
Urea-Thiourea 
Initial studies in 0hich urea was the inhibitor and 
thiourea the penetrating substance proved negative. Subsequent 
studies at 10°C were made equilibra ting the cells in increasing 
concentrations of 0.8 M thiourea in 0.9% NaCl and then record-
ing the resulting sw~lling curves .as 1 M urea in 0.9% NaCl was 
added. An average of experimental times plotted .against F(C,V) 
va lues is g iven in Figure 18. The apparent penetration constant 
for urea was reduced with successive additions of 0.8 M thiourea 
to one-half it's original value in Figure 18. On the basis of 
Fig r e 19, a r£ with a value of 0.8 isotones was ca lculated for 
thiourea . Simila r calculations were made on data obtained fr om 
a 0.6 ml addition F (C,V) plot giving a value of 0.9 isotones 
for th i ourea . 
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FIGURE 1. Swe lling of mouse erythrocytes following f our 
successive additions of 0.5 ml of 8.1 M ethylene 
glycol in 0. 9% NaCl. After each addition, position 
of the pen was moved downward by chang ing the 








FIGURE 2. Calibration curve relating volume change to deflec-
tion of pen recorder. Abciss~ 1 calculated minimum 
volume (V 
0




as measured on experimental 
add itions of 8 .1 Methylene 
0 Temperature = 10 C. 
curves. Eight 
glycol in 0.9% 
FIGURE J. Average values of times for mouse erythrocytes to 
. . ·. 
reach specified volume s as measured from experi~ 
mental records, plotted against calculated values 
of F(C,V). There were eight successive additions 
of 0.5 ml of 8.1 M glycerol in 0.9% I aCl. Data 
f r om first four additions not included. 6 I C 1 ;:: 5 , 21~. , 
C=:6 .14; \] :C I =6 .14· , C=?. 04; ~ tC I ::;7. OLI- f C=='?. 88 ; 
A :C 1 =7.88, C=8.64 isotones. Symbols have same 
significance in Figures 4, 5, 12 and 1). Tempeia-
ture = J5°C. 
FIGURE 1-1-. Same data as in Figure 3 plotted a gainst values of 
F0 (C,V), ~ = 5 isotones. 
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FIGURE 6. Average va l ues of times for mous e erythrocytes to 
reach specific volumes as measured from experi-
mental records, plotted agai~st calculated value s 
of F(C,V). Cells were firs t equilibra ted wi·t h 
1.95 isotones of ethylene glycol, then four 
successive additions of 1 ml each of 2 M ethylene 
glycol in 0.9% NaCl wer e made. 8 aC'=l. 95 , 
C=2.LI-'7; X sC' =2 .L~?, C=2 .89; 0 &C'=2.89 , C=J.24; 
0 tCa=J.24, C=J .52 isotones. Symbols have same 
significance in Figures 6 , 7, 8, 9, and 11 . 
Temperature=l0°C. 
FIGURE 7, Same data as in Fig . 6 plotted against va lues 
of F ~ (C, V) • 
FIGURE 8 . Same data as i n Fig . 6 plotted against values 
Of l~or~ v ·) J.= 2 . t . . \'"''' , Y' .. :Ls o ones . 
FIGURE 9. Average va lues of times for mouse erythrocytes to 
reach specific volumes as measured fr om experi-
mental records , plotted against calculated values 
of F(C,V). Cells were first equilibrated with 
1.95 is ot ones of erythr i tol, then four s uccessive 
additions of 1 ml each of 2 M erythritol in 
0, 9% NaCl were made . ~f.lf:~mpera tur e= J5°C. Symbols 
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FIGURE 10. Demonstration of Saturation. Note the decrease 
in the initial slope of each succeeding curve 
of mouse erythrocytes previously equilibrated 
in 0. 6 M ethylene glyc ol. Four successive 
. additions of 1 ml each of 2M ethylene g lycol 
in 0.9~ NaCl were recorded. After each addition, 
position of pen was moved downward by chang ing 
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FIGURE 11. Same data as i n Figure 9 plotted against values 
of F' ( C, V) • 
FIGlJRE 12. Average values of times for mous e erythroyctes to 
r each specified volumes as measured from experi-
mental records, plotted against calculated values 
of F(C,V). There were eight successive additions 
of 0.5 ml of 8.1 M urea in 0.9% NaCl. Data from 
the first four a dditions were not included. Sym-
bols have same significance as in Figure J. Temp-
erature = 10°C. 
FIGURE 13. Same data as in Figure 12 plotted aga inst values 
of F' ( C , V) • 
FIGURE 14. Demonstration of competitive i nhibition in mouse 
erythrocytes previously equilibrated in increasing 
concentra tions of ethylene g lycoL Using the 1 M 
system average values of times for 0.6 ml addition 
to r ~a ch specified volumes as measured from experi-
mental records plotted a gainst values of F(C,V). 
Glyc er ol apparent penetration constant (k) varies 
with different concentrations of ethylene glycol i n 
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FIGURE 15 a-c. Demonstration of competitive inhibition at 
J5°C showing the decrease in glycerol pene-
tration using a 1 M system. Swelling curves 
of mouse erythrocytes in 0. 9% NaCl following 
successive 0.4 ml (a, left) and 0.6 ml (a, 
right) additions of 1 M glycerol in 0.9% NaCl. 
Co~pare initial slopes of (a) with swelling 
curves of cella equilibrated in 1.10 isotones 
of 1 Methylene glycol in 0.9% NaC l follow-
ing the O.L~ ml addition of 1 M glycerol (b), 
and the swelling curve of cells equilibrated 
in 1.08 isotones of 1 Methylene glycol in 
0.9% NaCl following the 0. 6 ml addition of 
1M glycerol (c). After each addition, posi-
tion of pen was moved downward by changing 
the settings on the a mplifier. 
f--- I MIN. 
a 
Fio 1r::: ..;' ,) 
FIGURE 16. Va l ues of 1/k obtained from Fi g ure 14 plotted 
against concentration of ethylene g lycol in 
isotones. Straig ht line drawn by eye. For o 
calculat ions, slope was determined by regr ession 
analysis. Value of ~ th 1 1 1 was obta ined e y ene g yeo . 
by dividing y-intercept by slope of the line. 
FIGURE 17. Values of 1/k obtain ed from s tudies of the inh i -
bition of 1 M ribose by 0.6 M erythritol plotted 
against concentrations of erythritol in isotones. 
Straight line drawn by eye. For ¢ calculations, 
slope was determined by regression analysis~ 
Value of ~erythr itol was obtained by dividing the 
y-intercept by the slope of the line . 
FIGURE 18. A typical graph showing competitive inhibition. 
Average values of times for the 1 M system 0.8 ml 
addi tion to r each specified volumes in mouse 
erythrocytes as meas ured from experiment a l records 
plotted against F(C,V). Urea appirent penetra-
tion constant varies with different concentrat ions 
of thiourea (Ct) in isotones . Temperature = 10°C. 
FIGURE 19 . Values of 1/k obtained from Figure 18 plotted 
against conc entration of thiourea i n i s otones . 
Straight line drawn by eye. For ~calculations, 
slope wa s determined by regression ana lysis . Value 
of dt·n.· was obtained by dividing y-·intercept 'f . J.ourea 
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The densimeter technique is an indirect method of 
·measuring erythrocyte permeability. Therefore, a general dis-
cussion of posSible sources of experimental error is nec essary. 
For example, a smaller total deflection can result from miss ing 
the position of zero time and/or not allowing the cell suspen-
sion to reach equilibrium after making an addition of non-electro-· 
lyte. Such errors can decrease the measured times to reach se-
lected volumes. This could explain why the data in Figures 12, 
13P and 18 fail to intersect the origin of the graph. 
The magnitude of such errors a lso is related to how 
rapidly the recorder paper is moving . The faster the paper 
moves, the sma ller are such measurement errors. For example, 
a two millimeter measurement at a paper speed of 152.4- mm/min. 
would produce a smaller error in tj_me than if the paper were 
moving at 5.08 mm/min. To reduce these errors, all data repre-
sent averages of three to nine bloods (one blood equals one mouse) 
with a sample size (n) equal to or greater than ten. Hunter 
(1970) indicates that such averaging greatly reduces these errors. 
As additions of non-electrolyte are made to the c ell 
suspensi on, the internal cell concentration increases. This 
increase alters the optical properties of the cell suspension 
which becomes "silky" with successive additions. This silky con-
dition results in an increased level of "noise" c-.s r£:;~c ord ed on 
the swelling curves as seen in Figure 1. This noise can be de-
creased by changing the sensitivity of the amplifierJ the light 
intensity or the erythrocyte concentration. Hunter (1970) states 
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that this condition does not appear to alter the apparent rate 
of swelling of .the erythrocytes. However, he has ~uggested that 
as the suspension becomes more silky it transmits more light 
which may increase the non-linearity of the densimeter response. 
The calibration method described earlier minimized this error. 
The problems encountered with saturation studies using 
8.1 M glycerol, ethylene glycol and urea suggested that the c ells 
were being subjected to too severe an osmotic ~hock. These high 
concentrations may alter the permeability characteristics due 
to excessive shrinkage in t hese very high hypertonic solutions . 
On the basis of a study on excessive s hrinkage of chicken 
erythrocytes, Va ldivieso a nd Hunter ( 1961 ) concluded that no ir-
r ever s ible cha nges occur if the cells' s hrunken state was main-
tained only for a f ew minutes. If the shrunken condition was 
maintained longer, cha nges d i d occur. 'rhey suggest that the effects 
of excessive shrinkage depend on how rapid ly the substance pene-
trates and how long this shrunken state is maintained . For example, 
ethylene glycol penetrates so rapidly there would be less initial 
shrinkage, with the cells a s suming their original volumes wi thin 
a few seconds. But if the cells were exposed to the hypertonic 
solution for a l onger period of time they did not return to their 
original volumes . They concluded that in highly hypertonic solu-
tions, an exchange of cations occurs between the cells and the 
surrounding medium. 
Neither the data obtained at J5°C using the 1 M glyc erol 
system nor those obtained at 10°C using thB 8.1 M system gave 
any evidence of saturation. However , the J5°C 8.1 M data 
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suggested saturation with a ha lf-satura tion constant value of 
five. Contrary to the problems encountered with the 8.1 M ethy-
lene glycol system, a 2 M system at 10°C sugg~sted saturation 
of a carrier with a half-saturation value of approximately three 
isotones. Competitive inhibition studies (Figures 14, 15 and 
16 ) showed that g lyc erol and e t hylene glycol (See Tab le 1) share 
a common carrier with the smaller ethylene glycol half-satura-
tion constant to be in the range of 0.7 to 0.9 isotones. 
Sen and Widdas (1962) and Levine and Stein (1966) have 
reported tha t the value of the half-satura t i on cons tant (~) 
varies with experimental conditions. In studying the kinetics 
of sugar transfer across human erythrocyte membranes they showed 
that the half - saturat i on value de creased with lowered temperatures, 
in some instances by as much as a factor of ten. These fi ndings 
could partially explain why I obtained no suggestion of satura-
tion of ethylene glycol, g lycerol or urea car~iers with the 8.1 M 
system at J5°C. 
The above data confirm the ear lier observati ons by 
Jacobs (1931) and Jacobs et al (1935, 1950) that glycerol and 
ethy l ene g lycol penetrate the mouse.erythrocyte membrane by a 
"special" permeability process, vi z . facilitated diffusion. 
Although no saturation was obtained in the 2 M erythritol 
or 1 M ribose systems, the re s ults of inhibition studies sug-
ges ted a carrier mechanism. Initial experiments revealed a mark-
ed inhibition of ribose by 2 M erythritol whereas ribose did not 
inhibit erythritol penetration. Subsequent studies were conduct-
ed using 0. 6 M (~rythri tal as the inhibiting non-elec trolyt e . 
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In these studies, the apparent penetration constant of ribose 
was reduced to two-thirds its value in the absence of erythritol. 
As a result of these inhibition experiments, values of 1.7 to 
J.2 isotones (Figure 17) were calculated f or the half-satura-
tion constant of erythritol. 
These data support earlier observations of the "unus ual" 
permeability of mouse erythrocytes to erythritol by Ulrich (1934 ) 
as reported in Bowyer (195?). Competitive inhibition studies 
not only revealed that erythritol has a fairly large half satura-
tion constant (in the range of two to three isotones) at J5°C 
but that ribose shares the same carrier. The ribose half-satura-
tion constant is thus larger than three isotones, as the penetrant 
with tho smaller half-satura.tion constant P exhibiting a higher 
affinity for t he common carrier, i nhibits the penetrant with the 
larger h~lf-saturation constant. 
In contrast to saturation studies, the results of com-
petitive inhibition experiments gave positive evidence of a car-
rier shared by urea and thiourea. The decrease of the apparent 
penetration constant of urea by increasing concentrations of 
thiourea (Figure 18) gave a value of 0.8 isotones (Figure 19) 
and 0.9 isotones for the thiourea-carrier half-saturation con-
stant. Thus the half-saturation constant for urea must be one 
or larger. It can be concluded that urea and thiourea penetrate 
the mouse erythrocyte membra ne using t he same carrier. (See Tabble 
1) 
Therefore on the basis of competitive inhibition and 
saturation studies I propose that there exists a carrier mechanism 
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shared by each of the following pairs of non-electrolytess 
ethylene g lycol-g lycerol; erythritol-ribose; and, urea-thiourea 
in the ·erythrocyte membrane of the mouse, Mu§. muf?culufi_ . These 
carriers then should be added to the list of examples of facili-
tated diffusion in the literature . 
SUMMARY ---· ---
SUMMARY 
1. A densimeter technique was used to study the saturation and 
competitive inhibition kinetics of the penetration of non-elect~o­
lytes (ethylene g lycol, g lycerol, erythritol, ribose, urea and 
thiourea) across the mouse (Mus mu~g_y.lu~.) erythrocyte membrane. 
2. The data suggested that ethylene g lycol a nd glycerol sha re 
one carrier, erythritol and ribose share a second carrier, urea 
and thiourea share a third carrier. 
3. Approximate half-sat1rration values were calculated as fol-
lows! Ethy lene gl_;ycol , 3 isotones a t 10°C (saturation ldnetics) 
and 0.7 to 0.9 isotones a t J5 °C (competitive inhibition kinetics); 
Gly_<;_§ro l., greater than or equal to 5 i s otones at J5°C (satura-· 
tion kinetic s ) and greater tha n l i s otone at 35°C (competitive 
inhibiti on kinetics ); Erythritol, 2 to 3 i sotones at J5 °C (com-
petitive inhibition kinet ics); Bib_ose, gr eat er than 3 isotones 
at J5°C (c ompetitive inhibition kinetics ); Thiourea, 0.8 to 0.9 
isotones at 10°C (competitive inhibition kinetics ); Urea, greater 
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